Purpose. Both Shigella and enteroinvasive Escherichia coli (EIEC) can cause enterocolitis, but they have a distinct epidemiology and public health relevance. Current culture-independent testing (CIT) methods to identify Shigella in faecal samples rely on the ipaH gene as the target, which is also found in EIEC genomes. The aim of this study was to design an assay that can identify EIEC in cultures from CIT ipaH-positive samples.
INTRODUCTION
Diarrhoea is one of the leading causes of mortality in children around the world and Shigella species, namely Shigella sonnei, Shigella flexneri, Shigella boydii and Shigella dysenteriae, are often implicated agents [1, 2] . They cause shigellosis, which is characterized by dysentery or diarrhoea in different age groups [3] and is notifiable to public health registries in many countries [4] . In contrast, enteroinvasive Escherichia coli (EIEC), a unique pathovar of E. coli closely related to Shigella, has been considered to be less virulent and important from a public health perspective. From an evolutionary perspective, EIEC and Shigella have been derived from E. coli via multiple independent events [2, 5] .
They both lost several catabolic pathways that are present in non-invasive E. coli and became more dependent on the host cells for survival [5] . EIEC shares an intestinal cell invasion capability with Shigella [6] and can also cause dysentery [2] . However, differentiation between EIEC and Shigella can be challenging. For example, sodium acetate utilization and mucate fermentation tests, which are thought to be positive for EIEC and negative for Shigella, have been reported to give negative results for some EIEC strains [5] . Both pathogens can share somatic O antigens (i.e. O11ac, O124 and O152) [5] . Molecular assays for culture-independent detection of Shigella in clinical samples rely on the ipaH (invasion plasmid antigen H) gene as the target [7, 8] . The presence of this gene differentiates Shigella from other enteric pathogens, such as Salmonella, Campylobacter, Yersinia and non-invasive E. coli [7, 8] . However, this gene has also been identified in EIEC [4] , highlighting the need for more specific targets that will enable differentiation between Shigella and EIEC and reduce the risk of erroneously attributing EIEC infections to shigellosis.
Many studies have emphasized the difficulty of differentiating Shigella from EIEC. Infections caused by EIEC are likely to have been overlooked [2] . EIEC may be responsible for infections that have been diagnosed as Shigella based on PCR that has used uncultured stool samples [9] . For example, the ipaH-based assay used in two studies [10, 11] was also present in some EIEC strains and is not unique to Shigella [12] .
Currently there are no robust markers for the differentiation of Shigella from EIEC. A major challenge in finding markers to differentiate Shigella and EIEC is the fact that there are seven lineages of Shigella and at least four lineages of EIEC within E. coli [2, 5] . Therefore, it is unlikely that we will find a single marker that is present in all lineages of EIEC but is absent in Shigella. Given the availability of genome sequences from different lineages of EIEC, we reasoned that we would be able to identify a combination of markers to identify EIEC lineages and differentiate them from Shigella. Therefore, the aim of this study was to develop and optimize a multiplex PCR assay for differentiating Shigella and EIEC in cultures from CIT ipaH-positive samples using a set of unique genomic markers identified by comparative genomics.
METHODS

Selection of genomes
The genomes for designing, optimizing and testing the multiplex PCR assay were obtained from either public databases ('database genomes') or clinical isolates processed in the laboratory ('isolate genomes'). In total, 19 752 genomes were analysed. Out of these, 13 147 were non-invasive E. coli, 6501 were Shigella and 104 were EIEC genomes. The database genomes included all of the non-invasive E. coli, 6436 Shigella (3039 S. sonnei, 2417 S. flexneri, 489 S. dysenteriae and 491 S. boydii) and 88 EIEC genomes. The isolate genomes included the remaining 65 Shigella and 16 EIEC genomes, out of which 17 Shigella and 4 EIEC genomes were sequenced in-house using whole-genome sequencing (Table S1 , available in the online version of this article). The sequenced Shigella isolate genomes included S. sonnei (n=8), S. flexneri (n=4), S. boydii (n=2) and S. dysenteriae (n=3). The clinical isolates used were either randomly selected from the Centre for Infectious Diseases and Microbiology (CIDM) Enteric Reference Laboratory (ERL) collection (n=69) or obtained from the School of Biotechnology and Biomolecular Sciences, University of New South Wales (UNSW) (n=12) ( Tables S3-S5 respectively. Out of these, 37 (Table S5) were described as EIEC based on the presence of the ipaH gene (GenBank accession no. M32063) in the genomes and the remainder had been described as EIEC in previous studies. The EIEC and Shigella spp. genomes mentioned above were diverse in terms of sequence types and serotypes (Table 1 and Figs S1-S8).
Whole-genome sequencing Twenty-one isolate genomes from the CIDM-ERL culture collection, including 4 EIEC and 17 Shigella species (Table S1) , were subjected to next-generation sequencing. Genomic DNA was fragmented and tagged for multiplexing with Nextera XT DNA Sample Preparation kits (Illumina) and sequenced using the Illumina NextSeq500 platform with 2Â150 bp reads. Fastq files containing genome sequences were obtained and used for further analysis.
Identification of informative genetic markers for differentiating EIEC and Shigella Thirty-five draft database genomes of EIEC, including 4 sequenced isolate genomes and 31 SRA database genomes, and 17 drafts of Shigella isolate genomes were assembled de novo from fastq files using SPAdes Genome Assembler v3.6.0 in Illumina Basespace cloud and annotated using the Rapid Annotation Using Subsystem Technology server (RAST v2.0). Using function-based comparison tools in the SEED viewer, the annotated EIEC genomes were compared with annotated Shigella genomes and four SEED database genomes of S. boydii BS512 (344609.3), S. dysenteriae M131649 (216598.1), S. flexneri 2a str. 2457T (198215.1) and S. sonnei 53G (216599.1), with the numbers in the parentheses being the unique identifiers in the SEED database. The genes present in EIEC genomes but absent in Shigella were selected and confirmed using BLAST (Fig. 1 ).
Development of multiplex PCR assay for differentiation of EIEC and Shigella
The multiplex PCR assay was developed after analysing a large number of genomes. The absence of markers was tested in the SRA database genomes of Shigella (n=6432) and non-invasive E. coli (n=13 147). The PCR was optimized with six isolate genomes of EIEC that had previously been used by Lan et al. [5] and six isolate genomes of Shigella from the CIDM ERL. The primer pairs were tested in the individual PCR reactions for individual isolate genomes first and the cycling conditions were optimized. Two sets of multiplex PCR reactions, A and B, were established, with each set containing three primer pairs ( Table 2 ). Set A contained primer pairs A1, A2 and A3, and the amplicon sizes obtained were 80, 165 and 312 bp, respectively. Set B contained primer pairs B1, B2 and B3, and the amplicon sizes obtained were 85, 129 and 578 bp, respectively. The PCR assay was tested using 6 additional EIEC isolate genomes and 42 additional Shigella isolate genomes. The protocol for the assay is provided in the Results section.
EIEC subtyping ability of the multiplex PCR assay
Certain loci combinations in EIEC genomes were assigned a subtype and various subtypes were compared for concordance with the evolutionary clades described in Lan et al.
[5], Pettengill et al. [2] and Hazen et al. [6] . The HunterGaston discriminatory index (DI) of the subtyping method [13] was also calculated.
Analytical sensitivity
The pure cultures of two EIEC isolates were dissolved with 1 ml PBS and the cell concentrations were calculated using Densichek plus (Biomerieux). The cell suspensions were serially diluted from the range of 10 9 to 10 0 (cells ml À1 ) and boil-lysed at 100
C for 5 min and tested by the assay.
RESULTS
Selection of discriminatory loci using comparative genomics The comparison of 35 EIEC genomes with 21 Shigella genomes identified 22 candidate loci, out of which 6 loci were selected as targets for PCR because at least 2 of them were observed in most EIEC strains and were absent in most Shigella strains (Fig. 1) . Thirty-four out of 35 EIEC genomes screened (97.1 %) had at least 2 out of the 6 target loci. These six target loci differentiated EIEC from Shigella, as well as from non-invasive E. coli.
Evaluation of sensitivity and specificity of selected loci Sensitivity and specificity were determined based on the number of EIEC genomes that showed positive or Shigella genomes that showed negative by the assay. We used both in silico analysis of database genome data and analysis of actual multiplex PCR results for isolate genomes (for a definition of 'database genome' and 'isolate genome', see the Methods section) together to calculate the overall sensitivity and specificity. Out of all 104 EIEC genomes analysed using at least 1 of both types of analysis, 3 contained none of the 6 loci tested and 2 contained only 1 locus (Tables S3-S5 ). The remaining 99 genomes contained at least 2 of the 6 loci identified in this study. Out of all 6501 Shigella genomes analysed, only 15 and 6 genomes contained 1 and 2 loci, respectively (0.23 and 0.09 %, respectively). The remaining 6480 did not have any of the loci. Of those six genomes containing two loci, five were S. flexneri genomes and one was a S. sonnei genome. Similarly, only 2 out of 13 147 non-invasive E. coli genomes showed the presence of at least 2 loci. The remaining 13 145 non-invasive E. coli genomes showed either 1 locus (n=36) or no loci (n=13 109). All 12 EIEC isolate genomes were positive for at least 2 loci and all 65 Shigella isolate genomes were negative for all 6 loci by PCR. Based on both the in silico genome analysis of database genomes and the PCR results for isolate genomes, the sensitivity and specificity of the six selected PCR targets analysed in this study, including those used to design and test the assays, were estimated as 95.12 % (i.e. 99 out of 104 EIECs were determined to be positive with combined PCR and in silico analysis) and 99 % (6495 out of 6501 Shigella were determined to be negative with combined PCR and in silico analysis), respectively.
Characteristics of selected target loci
We assigned names to the six loci tested (loci 1-6) for reference and the names of the relevant genes are shown in Table 2 . The descending order of occurrence of loci among EIEC genomes was locus 4, locus 2, locus 5, locus 3, locus 1 and locus 6. The percentages of genomes bearing specific loci among the overall genomes used are shown in Fig. 2 and the DNA sequences of these loci are presented in Table S6 . Loci 2, 3, 4 and 5 had a known function and were similar to addiction module toxin RelE (WP_001288264.1), iron-sulphur cluster assembly scaffold protein SufA (GenBank accession no. WP_073840871.1), transposase (WP_077790640.1) and transcriptional regulator (WP_097054211.1), respectively, while two loci (1 and 6) encode hypothetical proteins. These loci were distributed throughout the genomes and their respective positions are identified in Fig. 3 .
Development and evaluation of multiplex PCR
The primers for two multiplex PCR sets (A and B) for six loci are shown in Table 2 . Each multiplex PCR set contained three primer pairs. The primer pairs for each set were selected to allow sufficient separation of bands by gel for easy interpretation. No primer dimer formation was detected. The size of the amplicons ranged from 80 to 578 bp. The following protocol was developed for the assay. For one reaction of each multiplex PCR set, 28 µl master mix was prepared using 1X Hotstar Buffer (Qiagen), 1 mM MgCl 2 , 1 unit HotStarTaq DNA polymerase (Qiagen), 200 µM dNTPs, six primers (400 nM each; Sigma-Aldrich) and H 2 O, followed by the addition of 2 µl DNA, which was prepared by suspending the pure culture of an ipaH genepositive organism in 100-200 µl phosphate buffered saline, boiling for 5 min, centrifuging at 16 100 g for 3 min and collecting the supernatant. The PCR cycling conditions were as follows: 95 C for 15 min; 30 cycles of 94 C for 30 s, 60 C for 30 s and 72 C for 45 s; 72 C for 10 min; 22 C hold. After PCR, 10 µl of product was run in 2 % agarose gel electrophoresis. The interpretation of the results was based on the presence or absence of amplicons, i.e. the presence of more than one band in the agarose gel after PCR on a genome containing the ipaH gene suggests EIEC, and the absence of bands or the presence of a single band suggests Shigella (Fig. 4) .
The limit of detection of the PCR was defined using the last dilution in the series of cell suspensions for which visible amplification of the band was observed in the agarose gel. The limit of detection for all the bands was 10 5 cells ml
À1
. The band patterns were also concordant with the genotyping profiles identified in previous reports [2, 5, 6 ].
Subtyping of EIEC using six loci
As EIEC is divided into multiple phylogenetic clusters, with four clusters in Lan et al. [5] , three clusters in Hazen et al. [6] and seven clusters in Pettengill et al. [2] , and the six loci are variably present in the EIEC genomes, we examined whether this multiplex PCR assay can assist in the subtyping of EIEC strains into the phylogenetic clusters. For this, we searched for all six loci in the database genomes used by previous phylogenetic studies [2, 5, 6] and evaluated the concordance of the subtypes based on the presence/absence of these loci with the phylogenetic clustering shown by those studies.
We first analysed the 32 EIEC genomes from Pettengill et al. [2] . These were the same genomes that we compared with Shigella in RAST for the selection of markers. These genomes can be divided into eight subtypes (Tables 3 and  S3 ). In comparison to the clusters defined by Pettengill et al. [2] , both cluster 8 and cluster 4 genomes were subtyped into three subtypes (subtypes 1 to 3 for cluster 8 genomes and subtypes 5, 6 and 12 for cluster 4 genomes), while cluster 7 and 9 corresponded to subtypes 4 and 13, respectively. We Fig. 2 . Percentages of EIEC, Shigella and non-invasive E. coli genomes bearing specific loci. The values for loci with no clearly visible segment in the charts have been boxed and coloured. Fig. 3 . Positions of the marker loci throughout three EIEC genomes. The contigs from draft genome sequences of EIEC 4608-58 (NCBI accession: JTCO00000000.1), EIEC M4613 (NCBI accession: JTCN00000000.1) and EIEC ATM462 (NCBI accession: LSGD00000000.1) were concatenated. The circular diagrams for genomes were drawn using CGView Server [16] . The loci positions shown by the software have been coloured manually to increase visibility, and the NCBI accession numbers for contigs with actual marker positions shown by BLAST have been added. The sizes of the coloured loci are not to the scale with the genomes. The concentric circles in each genome represent the same genome and they were drawn multiple times to facilitate comparison of loci using the software. Three different genomes were drawn, as not all marker loci were present in a single genome.
then analysed 19 of the 20 EIEC genomes from Hazen et al. [6] , having excluded 1 that was the same as in Pettengill et al. [2] (Tables 3 and S4 ). The 19 genomes could be subtyped into 4 subtypes. Clusters 1 and 2 were divided into two subtypes each and cluster 3 was divided into one subtype (subtype 1). A non-clustered genome was subtyped into subtype 3, which is also one of the cluster 2 subtypes. We also used our new multiplex PCR to subtype 12 EIEC isolate genomes that had previously been used by Lan et al. [5] (Tables 3 and S2 ). The 12 genomes belonged to 4 different clusters [5] . Clusters 4 and 5 all belonged to single subtypes, i.e. subtypes 1 and 7, respectively, while clusters 6 and 7 belonged to two subtypes each (subtypes 8 and 9 for cluster 6, and subtypes 2 and 3 for cluster 7).
We further identified 37 E. coli SRA database genomes as EIEC, based on the presence of ipaH. In silico typing using the six loci divided them into four known subtypes, i.e. subtypes 1, 3, 4 and 10 (Table S5 ). The discriminatory power of the six loci to subtype EIEC was estimated using the DI [13] . Among the 99 genomes that showed at least 2 loci, 13 subtypes were observed (Tables 3 and S2- 
DISCUSSION
This study has established a new PCR-based assay for differentiation between EIEC and Shigella using a set of discriminatory genomic loci. Our findings confirmed the value of comparative genomics approaches in screening for specific genomic markers [14] . Our in silico analyses were based on a diverse global collection of genome sequences from at least 12 different countries and almost every continent. This assay was validated using a diverse range of EIEC genotypes and Shigella serotypes.
Our findings extend previous attempts to design PCR-based assays for the differentiation of Shigella and EIEC, which faced the challenge of identifying highly specific and discriminatory molecular targets. Our in silico analysis benefited from the growing body of genomic data in the public domain, which were not available in previous studies. b-glucuronidase (uidA) and lactose permease (lacY) genes were previously suggested as PCR targets for differentiation between Shigella and EIEC [3, 15] , with uidA being present in both, and lacY only being present in EIEC. However, Pettengill et al. [2] suggested that the primers described by Pavlovic et al. [3] may not distinguish Shigella and EIEC genomes accurately. We analysed the presence of lacY in S. boydii genomes in database genomes and found that about 7.5 % of S. boydii carried this gene. Løbersli et al. [15] also found that some EIEC were lacY-negative, suggesting that there is a need for better markers for differentiation. A study by Sahl et al. [12] attempted to design a PCR assay for typing Shigella genomes based on so-called 'clade-specific markers' and ipaH3 (which is different from the ipaH used to detect Shigella/EIEC [8] ), but the limitations of this assay in grouping Shigella accurately was evident from the analysis presented in another study, which predicted that the primers used by the former study could not distinguish the phylogenetic groups correctly [2] . We analysed the primers used in Sahl et al. [12] in silico and found that some of their primer pairs had further limitations, particularly those amplifying ipaH3 and S. boydii clade-specific markers, as they could amplify some of the EIEC database genomes analysed in our study, suggesting that ipaH3 and S. boydii clade-specific markers were not Shigella-specific, and the assay could increase false positives.
Our new assay can be applied as a retrospective test on cultures of coliforms from clinical samples that initially tested positive by PCR-based culture-independent tests directed at the ipaH gene. Once a faecal sample is ipaH PCR-positive, it is further cultured for Shigella. However, in some cases no Shigella was apparent on selective media cultures from those samples and the interpretation of ipaH PCR-positive and Shigella culture-negative cases has been recognized as a significant public health challenge [12] . Our assay can be utilized to screen ipaH PCR-positive cultures of coliforms for the presence of EIEC or Shigella. Furthermore, markers from our study can be used to estimate the burden of EIEC infections in both developing and developed countries.
Our study is the first one to perform EIEC subtyping. The subtyping also unified lineages and clusters defined by different studies and offered better resolution at cluster level than any of the individual studies. We found 13 different subtypes in the EIEC genomes used in previous studies, in comparison to the 3-7 clades described in those studies, suggesting that our method was more discriminatory than the phylogenies constructed with the data they used and yet mostly concordant with the latter. Subtypes 1 and 4 were the predominant subtypes, suggesting the global prevalence of these subtypes. Pettengill et al. [2] could not identify markers for cluster 8 in their study. Our assay was able to differentiate the majority of their clusters. Currently there is no simple means to subtype EIEC strains except serotyping.
Our method offers a simple EIEC subtyping method, which is an important advancement in this field.
Two potential limitations of this study have to be acknowledged. First, our evaluation is based on a relatively small number of EIEC genomes for bioinformatics analysis and EIEC isolates for laboratory validation. However, our test sets of genomes and isolates covered the known Shigella and EIEC cluster diversity and thus the markers that were uncovered are likely to be robust for the differentiation and detection of EIEC. The limited availability of EIEC cultures reflects the difficulties in laboratory diagnosis and the perception of a smaller burden of disease. EIECs have been causing far fewer reported cases of gastroenteritis each year than Shigella [6] . Second, the available culture collections do not contain epidemiologically linked isolates and thus do not allow the assessment of the epidemiological relevance of EIEC subtypes. However, the classification into subtypes effected by our assay appeared to be highly concordant with previous studies. Three EIEC genomes that were grouped in minor clusters in previous studies contained none of the six loci, and two EIEC genomes contained only one of the six loci, which could lead to false negatives using our assay. However, we do not know whether the loci were genuinely missing or the regions had not been sequenced.
In conclusion, our comparative genomics-enabled screening of potential markers identified six loci that are highly discriminatory for multiplex PCR to differentiate EIEC from Shigella. Further, the assay can differentiate EIEC into different subtypes that are concordant with the phylogenetic clusters. This assay may improve the utility and specificity [5] . †Four of these genomes were from SRA and one was from this study. ‡Eight of these genomes were from SRA and one was from this study. §Twenty-three of these genomes were from SRA and one was from this study.
||One isolate was from SRA. ¶From this study.
NA, not applicable.
of culture-independent screening for shigellosis and EIEC infections.
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